The goal of the work described in this paper was to identify an appropriate CFD model for refrigerant distributors that could be used to develop improved designs. There appears to have been no previous work applying CFD to two-phase flow in refrigerant distributors. As a first step in evaluating the applicability of CFD to two-phase flow in refrigerant distributors, results of predictions from two commonly available codes, FLUENT and PHOENICS, were compared with experimental results available in the literature for two-phase flow distribution with air and water as working fluids. FLUENT 5.5 failed to predict the experimental data available, whereas PHOENICS predictions were in close agreement with the measurements in all cases. However, for a typical refrigerant distributor geometry and set of operating conditions, predictions of two-phase distribution and separation were quite similar for FLUENT 5.5 and PHOENICS. As a result, FLUENT is applicable for studying improved refrigerant distributor designs and was used for this purpose as described in a companion paper by Li et. al. (2002) .
Introduction
Figure 1 depicts a vapor compression cycle with a refrigerant flow distributor. Following the expansion device, two-phase refrigerant enters the distribution device and is divided into multiple flow circuits that feed the evaporator. Ideally, the distributor should provide equal mass flow rates and qualities to each flow circuit of the evaporator. However, it is difficult to design and manufacture a refrigerant flow distributor that will split a twophase refrigerant mixture evenly between different outlet branches. The distribution of liquid and vapor phases is very sensitive to the conditions and orientation of the flow entering the distributor and to the orientation of the distributor.
The design of refrigerant flow distributors is typically a trial-and-error process. Modifications are proposed, a prototype is built, and the device is tested. An alternative approach, described in this paper, is to use CFD modeling for the problem of flow and phase distribution in refrigerant distributors. Often, a removable orifice is located within the base of the distributor. The refrigerant flows through the orifice, expands from a liquid to a two-phase refrigerant mixture into the base of the distributor and then branches into the different (four shown in Figure 1 ) feeder tubes leading to the evaporator. A vertically installed distributor with no manufacturing defects and with symmetrically oriented branches would produce even flow and phase distributions in each branch. However, it is difficult to orient the orifice perfectly and as a result the refrigerant will exit the orifice in direction that is not along the centerline of the distributor. In addition, gravity effects will affect the flow and phase distributions when the distributor is oriented horizontally. However, the impact of these imperfections can be reduced through proper design of the base of the distributor.
The flow through a refrigerant flow distributor involves complicated phenomena of phase separation and distribution. If the flow were fully mixed and the volume fractions of each phase were the same everywhere, then the flow would be homogeneous and could be modeled as a single-phase problem. However, the volume fractions of each are usually not uniform inside the flow distributor and multiphase models are necessary to simulate the phase distribution and separation phenomena. Several CFD codes have been successfully used to predict void fraction profiles in phase separation and phase distribution applications. However, they have been primarily applied to two-dimensional geometries with air-water mixtures. There appears to be no application of CFD modeling to refrigerant distributors in the literature. Boisson and Malin (1996) applied PHOENICS to predict two-phase flow in bubble columns. An inter-phase slip algorithm (IPSA) was incorporated with the interfacial lift, drag and virtual mass forces in this two-fluid model. The predictions were compared with the measured circulation patterns and void fraction distributions. It was shown that the model can predict void fraction peaking near the wall for an air-water upflow case and void coring (i.e., void fraction concentration near the pipe's centerline) for a bubbly column case. The interfacial lift and virtual mass forces were believed to cause these lateral phase distribution profiles. Class et al. (1991) and Liu (1991) pointed out that the bubble size effects are also very important. The importance of bubble size on lateral void phase distribution has also been recognized by other investigators, including Sekoguchi et al. (1982) . Moreover, Monji et al. (1991) found that for bubbly air-water upflows, small bubbles tend to be uniformly distributed across the conduits, while large bubbles tend to core, and only the intermediate size bubbles concentrate near the wall of the conduit. Lahey et al. (1993) investigated the phase distribution in complex geometry conduits such as triangular and rectangular pipes and found the void coring and peaking phenomena occurred as well. Lahey (1990) investigated air-water flow through Tee and Wye junctions and observed the phase separation phenomena. It was explained that the vapor phase has far less axial inertia than the liquid phase, thus the vapor can be expected to more easily turn the corner into the side branch.
FLUENT is a CFD package that is widely used in industry and academia. However, FLUENT 5.5 (latest version at the time of this study) does not include interfacial lift forces. Although PHOENICS has been applied to two-phase flows, it is more difficult to use and it's not clear that it is necessary to consider interfacial lift forces for flow conditions encountered in refrigerant distributors. One of the goals of the current work was to compare predictions of PHOENICS and FLUENT to data available in the literature for air and water mixtures. This allowed general model validation. Since detailed flow and phase distribution data are not available for refrigerant distributors, comparisons between FLUENT and PHOENICS were performed for this application in order to highlight any differences. The goal was to identify an appropriate model for the refrigerant distributors that could be used to develop improved designs.
CFD Modeling
Due to the complexity involved in two-phase flow modeling, most analytical models available in the literature have been developed primarily for one-dimensional phenomena (Peixoto, 1994; Fiorelli, 1999) . The most sophisticated of these models are based on a two-fluid modeling approach. The two-fluid modeling approach has been extended to multidimensional flows (Lahey, 1990 ) and has been adopted by several state-of-the-art multi-dimensional computer codes (e.g. PHOENICS, TRAC and RELAP5). Throughout the current study, an adiabatic flow was assumed with no phase change. A description of the basic modeling approaches considered in this study follows.
Multi-Phase Mass and Momentum Equations
In the absence of phase change within the domain, conservation of mass for each phase leads to ( )
where for phase i, i α is the volume fraction, i V r is the velocity vector, and i ρ is the density.
For each phase, the momentum conservation equation is:
where P is pressure, which is the same for each phase; 
Two-Phase Models in FLUENT 5.5 (VOF & ASM Models)
There are two approaches for handling multi-phase flows in FLUENT 5.5. In the volume of fluid (VOF) formulation, the different phases assume the same local velocity and pressure, and properties represent volumeaveraged values determined from the local volume fraction of each of the phases. The densities of the individual phases are assumed to be constant and only a single mass conservation is applied to the vapor phase, such that equation 1 reduces to
where α g is the void fraction of the vapor phase. The local void fraction of the liquid phase is determined from the constraint that the sum of the individual void fractions is unity.
For volume-averaged properties, equation 2 reduces to 
where Di V r is the drift velocity for phase i and is given by
and where
The relative velocity (also referred to as the slip velocity) is defined as the velocity of the secondary phase (vapor) relative to the primary-phase (liquid) velocity or
In the ASM model, the relative velocity is estimated as
where a r is the secondary phase particle's acceleration and 1 , 2 τ is the particulate relaxation time. The particle acceleration is determined from the solution for the velocity field, whereas the relaxation time is calculated as µ are secondary phase particle diameter and primary phase dynamic viscosity, respectively. The user specifies the particle diameter based upon an understanding of the flow geometry. Although the ASM model allows velocity slip between phases, only one set of momentum equations for the mixture is solved and an additional force term related to the slip velocity is added to the equation.
Two-Phase Modeling in PHOENICS (IPSA)
The inter-phase slip algorithm (IPSA) incorporated in PHOENICS employs individual momentum equations for each phase with interfacial lift and virtual mass forces. Equations 1 and 3 are applied with the virtual mass and interfacial lift forces added into the term il I , such that
( 1 2 ) where vm M and lft M are virtual mass and interfacial forces, respectively. The lift forces act on a particle mainly due to velocity gradients in the primary-phase flow field. The lift force will be more significant for larger particles. Thus, the inclusion of lift forces is not appropriate for closely packed particles or for very small particles. The "virtual mass effect" occurs when a secondary phase accelerates relative to the primary phase. The inertia of the primary-phase mass encountered by the accelerating particles (or droplets or bubbles) exerts a "virtual mass force" on the particles. The virtual mass effect is significant when the secondary phase density is much smaller than the primary phase density (e.g., for air and water in a bubble column). The interfacial forces are estimated using empirical relations.
Turbulence Modeling
Both FLUENT and PHOENICS incorporate the 
σ and ε σ are model constants with values given in Table 1 :
Boundary Conditions
All the geometries simulated in this paper had an inflow boundary, outflow boundaries, solid walls and in some cases, a symmetry plane. The inflow boundary had specified inlet velocity with uniform void fractions. Constant and uniform pressures were specified for all outflow boundaries. Although laminar transport is considered in the ε − k model, it is not applicable near walls where the turbulence Reynolds number is low. In these regions, equilibrium wall functions are used in boundary conditions, which are specified at a point located in the fully turbulent regime. At this location, the logarithmic law of the wall prevails and the turbulence is assumed to be in local equilibrium.
Model Comparisons
As a first step in evaluating the applicability of CFD to two-phase flow in refrigerant distributors, results of predictions from FLUENT and PHOENICS were compared with experimental results available in the literature. These data are for air and liquid water mixtures having relatively low inlet velocities (less than 10 m/s). In refrigerant distributors, the velocities exiting the orifice and entering the distributor are much higher (up to 50 m/s) and the difference in densities between the two phases is much smaller. Modeling of the flow and phase distributions for the air-water cases is more difficult and therefore the data for these flow geometries allow general model validation. Detailed flow and phase distribution data are not available for refrigerant distributors. However, results from FLUENT and PHOENICS were compared with each other for this application in order to highlight any differences for this case. The goal was to identify an appropriate model for the refrigerant distributors that could be used to develop improved designs.
For all the simulations done in both FLUENT and PHOENICS, a no-slip condition was assumed between the two phases at the inlet of the computational domain and the standard k-ε model was employed as the turbulence model.
Air-water Turbulent Pipe Flow
Experimental u and α are gas velocity, liquid velocity and void fraction, respectively. For simulations using FLUENT and PHOENICS, two-dimensional, axisymmetric calculations were performed with a computational domain extending 35 pipe diameters downstream, corresponding to the experimental measuring station that lies in the region of fully developed flow. Figure 2 shows comparisons between measurements and FLUENT predictions (both VOF and ASM models) of local void fraction as a function of radial position from the center (r) for one vertical location within the pipe. The data show void peaking near the wall, whereas the predicted void fraction is nearly uniform throughout the pipe cross-section. The VOF model does not consider velocity slip, so a straight pipe with a homogeneous twophase inlet will have a uniform void fraction distribution in the flow field. The velocity slip scheme in the ASM model has the potential of changing the void fraction profile inside the computational domain. However, there are no radial forces such as the interfacial lift force and the resulting void fraction profile is also uniform. Figure 3 shows comparisons between measurements and PHOENICS predictions of void fraction. In this case, profiles of void fraction and liquid velocity are in good agreement with the experimental data (r/R is the nondimensional radial position within the pipe). The void fraction peaks at the wall, indicating that the gas bubbles have been driven to the wall by the interfacial lift and virtual mass forces that are incorporated in the IPSA model. The wavy behavior of the void fraction distribution near the pipe wall in the simulations does not appear to be due to numerical problems. The grid size was reduced with no effect on the results. In addition, the predicted velocity profile did not exhibit this waviness. The wavy behavior could be real, since there is not enough resolution in the data to capture this effect.
Phase Separation in a Tee Junction
There have been a number of published studies concerned with air-water phase separation in Tee branching pipes (Collier, 1975; Honan and Lahey 1981; Zetzmann, 1982) . Figure 4 shows the flow configuration in a Tee junction, where w and x represent the mass flow rate and quality, respectively.
The experimental data in the literature for this problem show that over a wide range of mass extraction ratios (the ratio of the mass flow rate at the exit of the branch pipe to the mass flow rate at the inlet pipe; i.e. w 3 /w 1 ) almost complete phase separation occurred (i.e., w 3 x 3 =w 1 x 1 ). Vapor primarily goes to the side branch and liquid mainly goes to the straight run. The trends observed in the experiments are attributable to the fact that the vapor phase normally has a smaller axial momentum than the liquid phase (i.e. Both the VOF and ASM models were employed in FLUENT to predict flow and phase distributions through the Tee junction. Figure 5 gives the ratio of branch exit to inlet quality (x 3 /x 1 ) as a function of the ratio of the branch exit to inlet mass flow rate (w 3 /w 1 ) for the experiments and model predictions. For x 3 /x 1 equal to 1, the flow is homogeneous and the void fraction is uniform throughout. Both FLUENT models predict a uniform void fraction, independent of the flow rate ratio. In the actual case, there is a significant flow separation and the quality within the branch is much higher than the inlet quality. Furthermore, there is a flow rate ratio that leads to maximum phase separation. For the VOF model, a uniform void fraction distribution results from the lack of a velocity slip and the homogeneous two-phase inlet. For the ASM model, the slip velocity effects were not large enough to change the void fraction distribution within the branch. Lahey (1990) used PHOENICS with the measured inlet void fraction profile to predict the phase separation phenomena in two-phase flow through the Tee. Figure 6 shows comparisons between the data and the PHOENICS predictions. The agreement is excellent.
Refrigerant Flow Distribution
Interfacial lift and virtual mass forces are important elements in predicting phase separation and phase distribution phenomena for air-water mixtures at the velocities considered in the literature. However, refrigerant distributors operate with higher inlet velocities and refrigerant vapor and liquid properties are much different than those of air and water. As a result, FLUENT may provide accurate predictions of phase separation and distribution for refrigerant distributors. Since PHOENICS has been validated for several flow geometries involving air-water mixtures, it provides a baseline for evaluating predictions associated with FLUENT.
In order to evaluate the application of FLUENT for modeling refrigerant distributors, a 2-dimensional simulation of the simple distributor geometry shown in Figure 7 was developed. The geometry and inlet boundary conditions were chosen to be representative of a commercially available distributor with an orifice at the inlet. The properties of the two phases were calculated from properties of R-22 at 5 0 C. Gravity was not considered. The orifice was assumed to be tipped slightly in the y direction to simulate manufacturing imperfections and create an uneven flow distribution. The x and y components of the refrigerant velocities at the inlet were 79 . 50 = Table 1 gives comparisons between PHOENICS and FLUENT predictions of outlet flow rates and qualities. The predictions of branch liquid and vapor flow rates were very similar for the two codes. Figures 8 -12 give velocity fields and void fraction contours for the two codes. For this flow geometry, the phase distributions and velocity fields are very similar for FLUENT and PHOENICS predictions. It appears that interfacial lift and virtual mass forces are negligible for this high momentum two-phase flow.
Conclusions
FLUENT 5.5 failed to predict experimental data available in the literature for two-phase flow distribution and separation with air and liquid water having relatively low inlet stream momentum. On the other hand, PHOENICS predictions were in close agreement with the measurements in all cases. The IPSA (inter-phase slip algorithm) model in PHOENICS solves continuity and momentum equations for each phase and incorporates interfacial lift and virtual mass forces that are not present in FLUENT 5.5. However, these forces do not appear to be important for the high momentum inlet flows encountered in refrigerant distributors. For a typical distributor geometry, predictions of two-phase distribution and separation were quite similar for FLUENT 5.5 and 
